A growing literature has documented changes to the dynamics of key macroeconomic variables in industrialized countries and highlighted the possibility that these variables may react differently to structural shocks over time. However, existing empirical work on the international transmission of shocks largely abstracts from the possibility of changes to the international transmission mechanism across time. In addition, the existing empirical literature has largely employed small scale models with limited number of variables. This paper introduces an empirical model which allows the estimation of time-varying response of a large set of domestic variables to foreign money supply, demand and supply shocks. The key results show that a foreign monetary policy tightening resembles the classic beggar-thy-neighbor scenario for the UK in the period [1975][1976][1977][1978][1979][1980][1981][1982][1983][1984][1985][1986][1987][1988][1989][1990]. In more recent periods, the response is negative but largely insignificant.
Introduction
Understanding of the international transmission mechanism of economic shocks is an important step towards identifying the best policy response in an individual economy to international developments. In a world economy, which has experienced a steady increase in integration across goods, capital and financial markets, the international aspect of the transmission mechanism has become an essential ingredient in policy discussions. A large empirical literature has investigated the international transmission of monetary and non-monetary shocks using small scale structural Vector Auto-Regression (VAR) models. The identification restrictions in these models are often a controversial topic, where different identifying assumptions can lead to quite different conclusions. Several recent papers have proposed alternative identification structures including, amongst others, the recursive schemes in Grilli and Roubini (1995) , Eichenbaum and Evans (1995) , and Faust and Rogers (2003) , the nonrecursive schemes in Cushman and Zha (1997) , Dungey and Pagan (2000) , Kim and Roubini (2000) , and Kim (2001) , and the sign restrictions in Canova (2005) , Scholl and Uhlig (2006) , and Liu (2008) .
Despite the differences in identification, these papers share two important features. First, these papers do not allow for the possibility of time-variation in the coefficients and variances of the model. This feature is surprising especially as an important empirical regularity observed since the mid-1980s is the onset of the "great moderation". Kim and Nelson (1999) , McConnell and Perez-Quiros (2000) , and Cogley and Sargent (2005) show that the volatility of US output and the volatility and persistence of US inflation has fallen significantly over the last three decades. Benati (2006) presents similar results for the U.K. In addition, Cogley and Sargent (2002) , and Clarida et al. (2000) show that changing macroeconomic dynamics in the US were accompanied by a change in the monetary policy rule adopted by the Federal Reserve, with a higher weight given to inflation in the post-1982 period 1 . Similar results are reported by Nelson (2001) for the U.K. where the post-1992 period was associated with stronger response by the Bank of England to inflationary shocks. A related strand of this literature has focussed on the possibility of changes in the domestic transmission of monetary policy. Boivin and Giannoni (2006) estimate the response of output and inflation to a monetary policy shock in the US using a VAR based on two sub-samples: 1959-1979 and 1980-2002. Their results suggest that the response of output and inflation is smaller in the latter period. Castelnuovo and Surico (2005) show that similar results hold for the U.K. economy. The recent work by Campa and Goldberg (2005) provides some evidence of decline in the pass-through of exchange rate shocks to import prices for OECD countries.
Taken together, this growing literature provides strong evidence that structural changes have occurred in prominent industrialized countries over the last 30 years. The implications of these changes for the international transmission mechanism remains largely unexplored.
Second, most empirical studies on the international transmission of shocks are based on VAR models that include only a few selected variables. Arguably, central banks across the world monitor (and possibly respond to) a far wider information set than typically assumed in these small-scale VARs leaving them open to the possibility of mis-specification. Moreover, from a practical perspective small scale VARs are unable to provide inference on large number of variables that may be of interest. For example, little or no evidence exists on the transmission of foreign shocks to domestic asset prices such as house prices and equity prices.
The aim of this paper is to fill these gaps in the empirical literature on international transmission. We attempt to do this by devising an empirical model that: (a) allows for time-variation in the international transmission mechanism, and (b) allows the simultaneous estimation of the response of a large set of U.K. variables to foreign monetary policy, demand and supply shocks. In particular, this paper extends an open economy factor-augmented
VAR (FAVAR) model by incorporating time-varying coefficients and stochastic volatility in
sympathetic to the idea that it is the absence of adverse non-policy shocks that has contributed to the great moderation.
the shocks. The proposed model captures the changing co-movements among macroeconomic time series by allowing their dependence on common factors to evolve over time.
The main contribution of the paper is to assess possible changes to the transmission of world monetary policy, demand and supply shocks, a feature that, to the best of our knowledge, has been ignored in the literature on international transmission and the "great moderation". A further advantage of our approach is that it allows us to simultaneously derive the (time-varying) dynamic responses for a wider range of economic indicators without placing overly restrictive prior restrictions on the model's parameters.
The main results of the paper are as follows: A foreign monetary policy contraction has substantially different effects on the U.K. in the period after 1990 compared to the period [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] . In particular, the response of the domestic economy in the period before 1990
resembles a classic beggar-thy-neighbor scenario, with decreases in foreign money supply resulting in an increase in U.K. real activity. In contrast, the post-1990 period is characterized with negative but insignificant response of U.K. real activity to a fall in foreign money supply.
Our estimates are consistent with a fall in the degree of exchange rate pass-through to relative prices. A foreign aggregate demand shock have a large positive impact on U.K. GDP during the years 1980-1990. Its impact over the more recent period have been substantially smaller.
Foreign supply shocks have a persistent impact on U.K. inflation and wages during the mid1970s with a smaller impact estimated during the current period.
The paper is organized as follows. Section (2) outlines the empirical model and discusses the identification assumptions. Section (3) reports the co-movement of the international factors, dynamic effects of an unexpected fall in world interest rates, an unexpected increase in world activities and an unanticipated negative world supply shock on a selected subset of U.K. macroeconomic indicators. Section (4) contains concluding remarks and directions for future research.
An open economy FAVAR model with time-varying coefficients
We attempt to formulate an empirical model that allows us to efficiently model the relationship between a large set of U.K. and foreign variables, while simultaneously allowing this relationship to be time-varying 2 . The starting point is the following restricted VAR model
The VAR in equation (1) The terms foreign and world are used inter-changeably in this paper. The term home refers to the U.K. 4 We expand on this in our discussion of the VAR identification scheme below.
set via the following equation
where X 
where the product of Λ Another specification possibly suited to our problem is the elegant multi-country VAR introduced by Canova and Ciccarelli (2006) . The authors introduce a VAR model of the following form
where i indexes the country and j denotes the variable. The dimensions of the VAR coefficient matrix B can be substantial if a large number of series/countries are included in Y . To deal with this problem, Canova and Ciccarelli (2006) suggest factorizing the coefficients B into
where K t is a set of factors or linear combinations of B (determined by the structure of the loading matrix Ξ) that represent country-specific or variable-specific features and d t is an i.i.d disturbance. In this framework, time-variation can be introduced by specifying some dynamic structure for K t .
To see the link between this specification and our model, substitute equation (4) into (3) such that Y i,j,t = ΞK t Y i,j,t−1 + d t Y i,j,t−1 + e t . Note that ΞY i,j,t−1 represent linear combinations of the data analogous to the factors in a FAVAR (see equation (2) 
Estimation
The model in equations (1) to (2) is estimated using Bayesian methods described in Kim and Nelson (1998) , Primiceri (2005) and Del Negro and Otrok (2008) to approximate the posterior distribution. Essentially, this amounts to reducing a complex problem of sampling from the joint posterior distribution into a sequence of tractable ones by sampling from the conditional distribution of a subset of parameters conditional on all other parameters of the model. The Multi-step Gibbs sampling procedure can be broken down into four main steps (see Appendix (A.3) for full details on the conditional posterior distributions).
Step 1 Conditional on all other parameters, the VAR coefficients have a normal posterior distribution where the mean and variance of this distribution can be derived via the Kalman filter (this is needed as the VAR covariance is time-varying). We impose the small open economy restrictions as a tight prior centered on zero on the appropriate elements of the VAR coefficient matrix.
Step 2 The unobserved factors can be sampled using the methods described in Carter and Kohn (1994) .
Step 3 Similarly the methods for state space models in Carter and Kohn (1994) are used to sample the time-varying factor loadings.
Step 4 We use the methods described in Primiceri (2005) and Jacquier et al. (1994) to sample the time-varying VAR covariance matrix.
Our algorithm cycles through these steps 50,000 times using the last 1000 draws for inference. The recursive means of the retained draws show little variation thus providing evidence in favor of convergence (see supplementary material in (B.2)).
Identification of structural shocks
We are interested in studying the dynamic effects of three shocks on the U.K. economy: an unanticipated fall in the interest rates in the rest of the world, an unanticipated expansion in international activity and a negative world supply shock. 5 These foreign shocks are identified using two schemes based on a mixture of sign and zero restrictions and a recursive scheme. In our benchmark identification scheme, we impose a mixture of sign and zero restrictions:
where e t are the structural shocks and the sign restrictions are imposed as described in Appendix (A.4). In the foreign block, a shock to aggregate demand is associated, on impact,
with an increase in world activity, inflation, and interest rates; a positive supply shock implies a fall in inflation and a rise in real activity, the interest rate response is left unrestricted; a positive shock to the short-term interest rates comes with a decline in real activity and inflation. Notice that the impact of international shocks on the domestic economy is left unrestricted.
6
We check our results using an alternative identification scheme based on a Choleski decomposition. This implies the following contemporaneous restrictions:
Note that by placing the U.K. short term interest rate last, we implicitly identify a U.K.
monetary policy shock under both schemes. Also, the zero restrictions in both identification schemes combined with the block-zero structure for the lag polynomial matrix B(L) implies that the rest of the world does not react to U.K. domestic conditions contemporaneously or with lags.
Data description
We use quarterly data from 1974Q1 to 2005Q1. The data set spans 17 countries and 560 series.
We refer to the U.K. as the "domestic" economy. The "foreign" countries are Australia, Belgium, Canada, Finland, France, Germany, Italy, Japan, Luxembourg, Netherlands, New 6 A mixture of sign and zero restrictions is also used by Faust and Rogers (2003) .
Zealand, Norway, Portugal, Spain, Sweden and United States. The foreign block includes most of the U.K. main trading partners and the major industrialized economies across the world.
For each "foreign" country, we collect data on real activity, inflation and interest rates. For real activity, we consider data on output growth, employment, consumption and investment.
Inflation is measured on the basis of a variety of domestic price indices, wage growth and import prices. Short-term interest rates are collected for each country.
The data set for the U.K. is very similar in composition to that of the "foreign block". In particular, we have many different real activity indicators, inflation series including components of the retail price index, narrow and broad money and a set of asset prices that include house prices and the effective exchange rate. A more detailed description of the data series is available upon request (see supplementary material in (B.1)).
Empirical results
This section describes the empirical results of the time-varying open economy FAVAR developed in Section (2). We report estimates of the unobserved foreign factors and compute the dynamic effects of an unanticipated increase in world interest rates, an unanticipated expansion of international activity and an unanticipated negative world supply shock using the generalized impulse response functions described in Appendix (A.5). We also compute the forecast variance decomposition of key U.K. variables in response to the three foreign shocks.
It is interesting to note that with a large information set, the Choleski and the sign restriction identification schemes no longer produce significantly different results. Here, we focus the discussion of the results based on the sign-restriction scheme.
International co-movements
We extract three common components from the foreign block of the panel using the identification described in Section (A.2). All variables are standardized. Figure It is interesting to note the similarities between the Gibbs sampling (GS) procedure and the principal components estimator (PCE) for the real activity and inflation factors. For the interest rate factor, the PCE is more persistent and the cyclical fluctuations are less volatile compared with the GS procedure. Nevertheless, the cyclical fluctuations between the two series are similar. One explanation for the difference is that the GS procedure takes into account the autocorrelation of the idiosyncratic components of each series, therefore it attributes less of the observed persistence to the common component.
Comparing our estimates with previous studies such as Kose et al. (2003) , a few patterns are very similar. The industrialized world experienced, on average, four severe recessions over the sample period: the mid-1970's oil price shock; the early 1980's recession associated with the debt crisis, loose U.S fiscal policy and tight monetary policy to bring down inflation; the early 1990's downturn; and the downturn in 2001 following the burst of the "dotcom" bubble.
The dates roughly match those identified in Kose et al. (2003) . Interestingly, by using higher frequency observations (quarterly data rather than annual), we identified the early 1980's recession as a "double-dip" in economic activity whereas estimates from Kose et al. (2003) suggest a prolonged recession. Our estimates suggest the decline in world economic activity in the mid-1970's was the steepest out of the four recessions, but its recovery was very rapid.
The trough in the early 1980's recession was less severe but the recovery was slower due to the higher interest rates over that period. The magnitude and the speed of recovery between the early 1990's and 2001 recession was remarkably similar. In both cases, the fall in the interest rate may have helped to speed up the recovery.
The decline in the measure of international inflation is consistent with the notion of global disinflation put forward by Rogoff (2003 The inflation response is slightly larger in the latter part of the sample but the difference is small. Based on these estimates, the impact of world monetary policy shocks on real activity and inflation has changed little over the sample period.
U.K. external indicators
The key to understanding the international transmission mechanism to foreign monetary shocks rest on the behavior of the exchange rate and the response of relative prices to the shock. Figure ( In the earlier part of the sample, the median import price response increases immediately following the exchange rate depreciation and then falls slowly. This is consistent with the notion of producer currency pricing (PCP) by foreign exporters. More recently, pass-through from the exchange rate depreciation is smaller with the median contemporaneous response closer to zero. This lends more support towards local currency pricing (LCP) and is consistent with recent papers that document a fall in exchange rate pass-through in the U.K. (see for example Campa and Goldberg (2006) and Mumtaz et al. (2006) ). As a result of this shock, U.K.'s terms of trade deteriorates and the trade balance improves with a larger response in the early years of the sample. This is consistent with the earlier explanation of PCP, high exchange rate pass-through and the classic expenditure switching effect.
7 Foreign interest rate is higher than the domestic interest rate. Under PCP, high exchange rate pass-through to import prices give domestic consumers more incentives to shift consumption towards relatively cheaper home goods -the expenditure switching effect. If this expenditure switching effect dominates the negative income effect from the contraction in world money supply, then domestic real activity is positively affected as appears to be the case in the earlier part of the sample. On the other hand, if imports are priced in local currency and exchange rate pass-through is low, then there is less incentive for consumers to switch from imports to domestic goods and the beggar-thy-neighbor effect is ameliorated. See Betts and Devereux (1999) for a more detailed explanation. earlier. Second, the responses for wages and the inflation measures from the RIS returns to zero much faster, within the first five quarters of the shock rather than over 20 quarters.
Third, the switch in the sign of domestic economic activity now happens in a much more gradual manner. Nevertheless, the timing of the switch are more or less the same. The shock is normalized so that it increases the world activity factor by one unit. The NEER and the terms of trade were virtually unaffected by the shock. At the beginning and the end of the sample, the impact on domestic real activity is close to zero. However, for a large part of the sample (between 1980 and 1998) domestic activity increases in response to the higher world demand albeit the impact is relatively short lived. The strongest impact is between 1980-1990. Both nominal wages and CPI inflation is significantly positive in the medium term. The peak response of the domestic short-term interest rate response to this shock is very similar across the sample. ] , where * denotes the foreign economies and U K denotes the domestic economy. The U.K. short-term interest rate, R t , is the only observable factor. This together with the unobserved common components form the dynamic system that evolves according to the following transition equation:
9 The term foreign and world are used inter-changeably.
where B(L) is a conformable lag polynomial of finite order p, and u t = Ω 1/2 t e t with the structural disturbances e t ∼ N (0, I) and Ω t = A 0,t (A 0,t ) is the stochastic co-variance of the reduced form shocks. The structure of B(L) reflects the small open economy assumption such that the domestic factors do not impact on world factors, but not vice versa. The time-varying covariance matrix of the VAR innovations, u t , can be factored as
Following Primiceri (2005) , the time-varying matrices H t and A t are defined as:
and
with ln h i,t , and the non-zero and non-unit elements of the matrix A t is assumed to evolve as driftless random walks
α ij,t = α ij,t−1 + ξ ij,t , i = 2, . . . , n and j = 1, . . . , n − 1
where the distributional assumptions regarding [µ t , ξ t ] are stated below. The random walk assumption allows for permanent shifts in the stochastic volatility terms. Allowing the simultaneous relations (A t ) to vary over time is crucial for modeling the time varying dynamics of structural VAR models.
The unobserved factors are extracted from a large panel of N foreign and domestic indicators containing important information about the fundamentals of the economies. The factors are assumed to be related to the variables in the panel (X t ) according to the following observation equation:
where Λ are also assumed to evolve as driftless random walks
10 The last row of equation (13) is an identity which does not have an error term.
All the innovations in the model are assumed to be jointly normally distributed with the following assumptions on the variance covariance matrix: 
To reduce the number of estimated parameters, we further assume the covariance matrices for the stochastic volatility (W ), the off-diagonal non-zero elements (S) and the idiosyncratic error terms in the observation equation (Q) are diagonal. However, we allow for correlations between the factor loadings in each equation but not across equations. In principle, one can allow for a much richer covariance structure among the innovations in the system. Nevertheless, there are at least two reasons in favor of the simplified structure described in (20) . First, the high number of parameters in the system will require specifying sensible priors to prevent cases of ill-determined parameters. Second, as highlighted in Del Negro and Otrok (2008), a completely generic covariance structure will complicate the structural interpretation of the innovations.
The system (7)- (20) is the FAVAR model proposed by Bernanke et al. (2005) and extended to the open economy by Mumtaz and Surico (2008) . The main innovation in this paper is the introduction of time-varying factor loadings and stochastic volatilities. This is important in order to examine changes to the international transmission mechanism. in (13) is a full matrix with the normalization assumption on the first k series. The reason for leaving the domestic factor loadings unrestricted is that the dynamics of the variables in X U K t will depend on the structure imposed on the loadings. For example, if all domestic activity series share a single domestic activity factor, then the response of all domestic activity indicators will also share the common dynamics up to a scale factor pinned down by the loading. One of the goals of this paper is to investigate any possible heterogeneity in the responses of domestic prices and activities across sectors, and therefore it is unsatisfactory to impose a tight constraint on the dynamics of the individual series. The vector Λ R t , measuring the contemporaneous relationship between the domestic indicators and the short-term interest rate is also left unrestricted.
The identification scheme described above imposes most of the structure on the foreign block while leaving the domestic block, whose responses is the object of investigation, relatively unconstrained. The dynamics of each domestic series is a linear combination of all U.K. factors and the domestic short-term interest rate. The transition equation (7) links the dynamic responses between the international and domestic factors. Together with the identification restrictions discussed in the next sub-section, the international factors serve to identify the foreign shocks.
A.3 Estimation: Multi-step Gibbs sampling
The model in equations (7) to (20) is estimated using procedures described in Kim and Nelson (1998) , Primiceri (2005) and Del Negro and Otrok (2008) to approximate the posterior distribution. Essentially, this amounts to reducing a complex problem of sampling from the joint posterior distribution into a sequence of tractable ones by sampling from the conditional distribution of a subset of parameters conditional on all other parameters of the model. The Multi-step Gibbs sampling procedure can be broken down to five main blocks.
A.3.1 Time invariant parameters
We initialize the factors using a simple principal component estimator. Given the values for the factors F t , the time-varying factor loadings Λ t , the stochastic volatilities H t and the off-diagonal covariances A t , we can then draw the time invariant parameters for the VAR coefficients B(L), the autoregressive coefficients of the error term in observation equation ρ(L) and the hyperparameter Q.
Drawing the VAR coefficients is complicated by the presence of heteroscedasticity in the VAR covariance. We derive the conditional posterior distribution of the VAR coefficients by re-writing the VAR as state-space system and the parameters are drawn using the algorithm described in Carter and Kohn (1994) :
where B t (L) is assumed to be time-invariant and the covariance of u t is Ω t . Note that the restrictions implied by the small open economy assumption are incorporated by using an appropriate prior distribution for B t (L) :
where B 0 has all elements equal to zero except those corresponding to the first lagged dependent variables which are set equal to the autocorrelation coefficient obtained via univariate autoregressions on the initial value of F t . The values of Ω 0 are chosen such that they imply a very strong prior belief that the elements in the top block of B(L) in equation (7) equal zero.
For the autoregressive coefficients (ρ(L)) of the error term in equation (14), the conditional posterior distribution is easy to derive. To keep the notation simple, we write down the case where L = 1. Conditional on the factors (F t ) and the factor loadings (Λ t ), the errors in the measurement equation are independent across each equation i. We can draw ρ from its
where
We assume that the prior mean ρ 0 = 0 and the prior variance Σ 0 = 1. Given ρ, we then draw the hyperparameter Q from an inverse Gamma distribution IG(
), where a 1 = a 0 + T and δ 1 = δ 0 + (v t − ρv t−1 ) (v t − ρv t−1 ).
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A.3.2 Unobserved factors
In the second block of the Gibbs sampling, we draw the factors conditional on all other parameters of the model. Rewriting the state and observation equation in (7) and (13) in 11 a 0 and δ 0 are the prior shape and scale parameter of the inverse Gamma distribution.
compact form:
Since v t is assumed to be autocorrelated, we rewrite (25) as
The measurement errors t in (27) are now i.i.d N (0, Q). Equations (24) and (27) give the standard Kalman filter system. We can now apply Carter and Kohn's (1994) procedure to the above system to calculate F t . The distribution of the factors F t is linear and Gaussian:
where Υ represent all other parameters in the model, t = T − 1, ..1, and:
As shown by Carter and Kohn (1994) the simulation proceeds as follows. First we use the Kalman filter to draw F T \T and V T \T and then proceed backwards in time using:
A.3.3 Time-varying factor loadings
Conditional on the factors (F t ), the errors in the measurement equation are independent across i. This implies the innovations in equation (14) are also independent across i. Consequently, we can draw the time-varying factor loadings one equation at a time. We apply the same transformation to the measurement equation as before which gives
where the variance of η t is block diagonal, that is the factor loadings are independent across equations but correlated within the same equation. For the i th equation
Using equation (33) together with the law of motion for Λ t in (35) allows us to draw the time-varying factor loadings (Λ t ) using the Carter and Kohn's (1994) algorithm from its
The hyperparameters for the variance of η t , M , are drawn from an inverse Wishart distribution.
Following Del Negro and Otrok (2008) we add an additional step in the sampler to estimate the initial condition Λ 0 . Starting from a prior for Λ 0˜N (Λ 0 ,V 0 ) obtained via OLS regressions on the pre-sample, we obtain the posterior estimate of Λ 0 by updating the mean and varianceΛ 0 andV 0 using the methods described in Carter and Kohn (1994) .
Given a draw for Λ t , we then draw the hyperparameter M i from an Inverse Wishart distribution with a scale parameter η
and degrees of freedom given by sample size.
We set the prior scale parameter δ M 0 as 1 × 10 −3 .
A.3.4 Time-varying simultaneous relations:
Given the factors (F t ), the VAR coefficients (B(L)) and stochastic volatility terms (H t ), we can draw the time-varying simultaneous relations (A t ). Let α t be the vector of non-zero and non unit elements of the matrix A t (stacked by rows). One can rewrite the VAR model in (7) as
Taking B(L) as given,F t is computable. Since A t is a lower triangular matrix, (36) can be written asF
where Z t is the following n × 
andF [1,...,i] ,t denotes the row vector of [F 1,t ,F 2,t , . . . ,F i,t ]. Intuitively, equation (37) is equivalent to regressing the error term of the VAR on other error terms according to the lower triangular structure. With the block diagonal assumption of S, this allows us to apply the standard state space method with stochastic volatility as described in Carter and Kohn (1994) .
A.3.5 Stochastic volatility
Similarly, we can rewrite the VAR model in (7) as
Given B(L) and A t , F * t are observed. Notice the stochastic volatilities are mutually independent, this allows us to proceed on an equation-by-equation basis. We draw the stochastic volatility terms using the date-by-date blocking scheme as in Jacquier et al. (1994) .
Note that the scale of the factors is not identified a priori. As in Del Negro and Otrok (2008) we fix the initial value of H t to normalize the scale of the factors.
We generate 50,000 Gibbs sampling replications as described above and discard the first 49,000 as burn-in. The figure below plots recursive means of the first 100 retained draws of some VAR parameters. These vary little suggesting possible evidence for convergence of the MCMC algorithm.
A.4 Imposing the sign restrictions
The sign restrictions are imposed as follows. We compute the structural impact matrix, A 0 , via a slightly modified version of the algorithm recently introduced by Rubio-Ramirez et al. (2006) . Specifically, let Ω t =P t P t be the Choleski decomposition of the VAR covariance matrix Ω t (with the foreign variables ordered before the U.K. variables), and letÃ 0,t ≡ P t .
We draw a j × j matrix, J, from the N (0, 1) distribution, where j denotes the dimension of "foreign" block in the VAR. We take the QR decomposition of J. That is, we compute the matrices Q and R such that J = QR. This gives us a candidate structural impact matrix as A 0,t =Ã 0,tQ , whereQ is a N × N identity matrix with Q in the top j × j block. Note that such candidate draw has a lower triangular structure for the U.K. block and, as in the standard Choleski decomposition, implies that U.K. shocks do not have a contemporaneous impact on the "foreign" block.
If A 0,t satisfies the sign restrictions, we keep it and move on to the next Gibbs sample.
Otherwise, J is redrawn and the process continues.
A.5 Generalized impulse response functions
Given the time-varying nature of the model, we follow Koop et al. (1996) in computing the generalized impulse response functions, ∆ t , defined as: Carlo integration procedure can be found in Koop et al. (1996) . The forecast error variance decomposition is defined as 
where the term in the denominator denotes the total variance of the forecast errorẐ t+s −Z t+s while the numerator is the variance due to shock µ. As in the case of equation 40 Monte-Carlo integration is used to compute the forecastsẐ t+s .
B Supplementary material (not for publication) B.1 Description of the data
In the interest of brevity we do not provide an exact list of all 560 series in our panel. However this appendix gives an idea of the type of data used and the underlying sources. The full list is available on request from the authors.
B.1.1 International Data
Our international data set contains data on real activity, inflation and interest rates for Australia, Belgium, Canada, Finland, France, Germany, Italy, Japan, Luxembourg, Netherlands, New Zealand, Norway, Portugal, Spain, Sweden and United States. All data series are seasonally adjusted. We take log differences of all series apart from interest rates. The data is then standardized.
Where available, our real activity data contains real GDP, industrial production, real household consumption expenditure, investment, exports, gross national income and unemployment. In terms of coverage, the U.S. has the most detailed data with a breakdown of unemployment and production by sector. Most of the data is obtained from Datastream and
International financial statistics (IFS) database. The unemployment data is taken from the Global financial database and the U.S. series are obtained from Federal Reserve Economic Data (FRED).
Our basic inflation data contains CPI, GDP deflator, measures of wage growth and import prices. Again, for the U.S. we are also able to obtain a breakdown of CPI and PPI by sector.
The series are obtained from Datastream and IFS.
The international interest rate data primarily contains short-term interest rates. These include discount rates, money market rates, treasury bill rates and central bank interest rates.
The data is obtained from the Global financial database.
B.2 MCMC convergence diagnostics
Figure 14: Recursive means of retained MCMC draws
